Background. Severe mitral regurgitation (MR) is one of the most important complications of mitral valve prolapse (MVP) and it often requires surgical treatment. This study is aimed to assess the relation of mitral valve morphology to severe MR complicated with MVP.
Introduction
Mitral valve prolapse (MVP) is the most common abnormality of human heart valves, occurring in ≥3 % of adults [1] [2] . Severe mitral regurgitation (MR) is one of the most important complications of mitral valve prolapse [3] [4] [5] [6] [7] [8] [9] [10] which may result from either progressive myxomatous degeneration or chordal rupture [10] , for it often requires surgical treatment. The presence of ruptured chordae tendineae (RCT) is frequent in patients with mitral valve prolapse requiring surgical repair [11] [12] [13] [14] [15] .
Two-dimensional echocardiography, the standard of cardiac ultrasound from the late 1970s to the early 1980s [16] , has become an important tool in the diagnosis of mitral valve prolapse because it allows direct visualization of the mitral leaflets. Transesophageal echocardiography, which has been established as a special field in echocardiography [17] , can provide accurate evaluation of mitral valve prolapse and ruptured chordae tendineae.
This study was aimed to assess the relation of the mitral valve morphology to the severe mitral regurgitation complicated with mitral valve prolapse by transthoracic and transesophageal echocardiography.
Methods

Study subjects
Transthoracic and transesophageal echocardiographic examinations were performed in 37 consecutive adult patients (21 men, 16 women, mean age 51.9 15.5 years) given a diagnosis of mitral valve prolapse, and transesophageal echocardiography was performed in 30 sex-and age-matched control subjects (22 men, 8 women, mean age 54.3 12.3 years). Written informed consent was obtained from all study subjects.
Transthoracic echocardiographic examinations
For this procedure, all the subjects lay down in the left lateral decubitus position. Commercially available instruments (Toshiba, 380-A, ACUSON 128Xp) were used with a 2.5 MHz phased array sector transducer. Under continuous monitoring of the limb lead II, twodimensional, pulsed wave Doppler and continuous wave Doppler studies were performed. The data were recorded on videotape.
The diagnosis for mitral valve prolapse
According to the previous report [18] , mitral valve prolapse was defined as systolic displacement into the left atrium of one or both mitral leaflets in the parasternal long-axis view on two-dimensional echocardiography.
Evaluation of the severity of mitral regurgitation
The grading of the severity of mitral regurgitation was obtained by color-coded signal of mitral regurgitation. Mitral regurgitation was considered mild if turbulence was confined to the proximal third of the left atrium, moderate if turbulence was confined to the middle third of the left atrium and severe if turbulence extended into the distal third of the left atrium [19] .
Transesophageal echocardiographic examinations
Under continuous monitoring of the limb lead II, transesophageal echocardiography was performed in 37 patients with MVP and 30 control subjects. A biplane or multiplane transesophageal probe (centerline carrier frequency 5 MHz) was used. Pharyngeal and hypopharyngeal topical anesthesia was induced with Lidocaine Viscous and Lidocaine Spray. Conscious sedation was not induced. Particular attention was directed toward complete visualization of the mitral valve.
Evaluation of the degree of mitral valve prolapse
According to the previous report [20] , the area subtended by the line connecting the annular hinge points of the mitral leaflets and the coapted mitral leaflets were measured at their maximum in systole during transesophageal echocardiography (Figure 1 ). In this study, the degree of mitral valve prolapse was defined as this area indexed for body surface area.
Ruptured chordae tentineae
Ruptured chordae tendineae was diagnosed in patients with mitral valve prolapse when highly mobile echoes, compatible with ruptured chordal apparatus, were seen prolapsing into the left atrium in systole and returning to the left ventricle in diastole.
Mitral apparatus measurements
Images of the mitral valve were fully examined in a transverse scan or longitudinal scan using a biplane transesophageal probe or in a view with the plane in the 0 to 180 position using multiplane transesophageal probe at any level of transesophageal probe insertion. Mitral apparatus measurements were obtained from images of the mitral valve in the transesophageal four-chamber view of the heart (Figure 1 ). The maximal leaflet thickness of rough zone (within the length of apposition) and clear zone (farther from the leaflet tip than the length of apposition) in diastole were measured as the distance from the ventricular to the atrial surface of the leaflet perpendicular to the surface of the leaflet. At the time of maximal leaflet prolapse, the prolapsed mitral leaflet thickness was measured at its portion displaced maximally into the left atrium. In mid to late systole, which corresponded to the timing of maximal systolic displacement of the prolapsed mitral leaflet into the left atrium, the leaflet thickness in control subjects was measured at the middle point between its hinge point and free edge. Mitral leaflet length was measured as the distance between its hinge point and free edge. Mitral annular diameter was assessed by measuring the length of the line connecting the anterior and posterior leaflet hinge points. It was measured at end-diastole (just before QRS complex) and mid-systole (approximating the time of maximal displacement of prolapsed mitral leaflets). All results in these measurements were indexed for body surface area.
The "RATIO" and the "r-c RATIO"
To assess the relation of the mitral annular dilatation to the mitral regurgitation complicated with mitral valve prolapse, we examined the "RATIO" defined as the ratio of mitral annular diameter in mid-systole to the sum of anterior and posterior mitral leaflet lengths. To assess the morphologic characteristics of the prolapsed mitral leaflets in detail, we examined the "r-c RATIO" defined as the ratio of mitral leaflet thickness of its rough zone to that of its clear zone in diastole.
Reproducibility
Inter-observer variability was determined from 10 measurements of anterior mitral leaflet thickness of rough zone in diastole taken by a second independent investigator. Intra-observer variability was determined from 10 re-measurements of anterior mitral leaflet thickness of rough zone in diastole following a 1-month interval. Data were obtained from simple linear regression analysis by the correlation coefficient (r), and the significance of the relation (p).
Statistical analysis
Mean values are given with 1 SD. The differences between the two groups were compared by unpaired Student's t test. Means were compared among three groups by means of analysis of variance with application of the Sc effe F test for significance. Association between mitral leaflet thickness and degree of mitral valve prolapse were made using Pearson's correlation coefficient. Relations between the severity of mitral regurgitation and leaflet thickness, leaflet length, annular diameter and the RATIO were made using Spearman's rank correlation. A p value < 0.05 was considered statistically significant.
Results
Mitral valve morphology in mitral valve prolapse
As shown in Figure 2 , the degree of mitral valve prolapse correlated significantly with the leaflet thickness in systole. It also correlated with the posterior leaflet length significantly (r=0.47, p<0.05), but did not correlate with the anterior leaflet length (r=0.43, p>0.05).
The echocardiographic data of patients with mitral valve prolapse and control subjects are summarized in Table 1 . The mitral leaflet was thicker and longer; the mitral annulus was larger in patients with mitral valve prolapse than in the control subjects. The RATIO was similar between the two groups. The r-c RATIO was significantly larger in patients with mitral valve prolapse than in control subjects.
Mitral regurgitation complicated with mitral valve prolapse
As shown in Figure 3 , in patients with mitral valve prolapse without ruptured chordae tendineae (open circle: mild mitral regurgitation: 7 patients, moderate mitral regurgitation: 7 patients, severe mitral regurgitation: 2 patients), the severity of mitral regurgitation correlated significantly with the anterior and posterior leaflet thickness, posterior leaflet length and annular diameter. It did not correlate with the anterior leaflet length and the RATIO. Similarly, in all patients with mitral valve prolapse, including the patients with ruptured chordae tendineae (closed circle: mild mitral regurgitation: 7 patients, moderate mitral regurgitation: 13 patients, severe mitral regurgitation: 17 patients), the results were the same.
Ruptured chordae tendineae
The prolapsed posterior mitral leaflets with ruptured chordae tendineae were thicker and longer than those without ruptured chordae tendineae and those of the control subjects (Table 2) .
Reproducibility
Inter-observer variability and intra-observer variability were satisfactory: r=0.93, p<0.05 for inter-observer viability and r=0.96, p<0.05 for intra-observer variability.
Discussions "Proportionally" redundant mitral valve
Thicker mitral leaflets in patients with mitral valve prolapse evaluated by means of transthoracic echo [21] [22] [23] [24] [25] [26] [27] or transesophageal echo [28] [29] [30] have already been reported in the previous studies. This is the first report that the mitral valve morphology was related to the severity of mitral regurgitation complicated with mitral valve prolapse using echocardiography.
Mitral valve prolapse was associated with myxomatous mitral valve [7, 21, [31] [32] [33] [34] [35] . In this study, the patients with mitral valve prolapse had thicker and longer mitral leaflets than control subjects. This finding may reflect the histological abnormalities of disproportionate enlargement of connective tissue elements of the mitral valve compared with their supporting fibrous elements in patients with mitral valve prolapse.
The RATIO was similar between patients with mitral valve prolapse and the control subjects. The mitral annulus was larger and the mitral leaflet was longer in patients with mitral valve prolapse than in control sub- jects. These findings may be the reason why the RATIO did not differ between the two groups. The r-c RATIO in patients with mitral valve prolapse has never been evaluated. This is the first report that the r-c RATIO was evaluated to assess the morphologic characteristics of the prolapsed mitral leaflets. It was larger in patients with mitral valve prolapse than in control subjects. This result was compatible to the histological finding that myxomatous degeneration existed mainly in the spongiosa layer of rough zone in prolapsed mitral leaflets [21, 33] .
The present study confirms mitral leaflet thickness and length and mitral annular diameter are "proportionally" redundant in patients with mitral valve prolapse. Moreover, leaflet thickening was thought to be related pathologically to proliferation of myxomatous tissue in the spongiosa layer of the prolapsed leaflets, and this finding indicates that thicker mitral leaflets are more fragile. This is the reason why thicker mitral leaflets were more severely prolapsed. Thus, mitral valves in patients with mitral valve prolapse are relatively large, but they may be fragile. 
Prolapsed PMLs
PMLs of control subjects with RCT without RCT 
Mitral regurgitation complicated with mitral valve prolapse
In this study, all of mitral leaflet thickness, posterior mitral leaflet length and mitral annular diameter showed significant positive relation to the severity of mitral regurgitation complicated with mitral valve prolapse without ruptured chordae tendineae. This result strongly suggests that severe mitral regurgitation will tend to occur in larger mitral valves in patients with mitral valve prolapse.
Mitral annular dilatation was associated with mitral valve prolapse [12, 29, [36] [37] [38] [39] [40] [41] , and it was thought to be one of the causes of mitral regurgitation in patients with mitral valve prolapse [40] . However, the occurrence of mitral annular dilatation in MVP patients with minimal MR indicates primary or intrinstic annular dilatation rather than annular dilatation secondary to left atrial or left ventricular enlargement [41] . In this study, the RATIO did not show significant positive relation to the severity of mitral regurgitation, indicating that relative increase in mitral annular size is not the only cause of mitral regurgitation in MVP patients. Taking these data into consideration, we believe that mitral annular dilatation would be only partially responsible for mitral regurgitation occurring in patients with mitral valve prolapse.
It has been reported that the histological changes in the excised valves were, significantly different between patients with myxomatous mitral valve and ischemic mitral regurgitation [11] . So the myxomatous changes, in other words, thickenings of prolapsed mitral leaflets, would not be the result of mitral regurgitation but the cause of mitral regurgitation.
Ruptured chordae tendineae
Ruptured chordae tendineae was reported by Frothingham et al for the first time in 1934 [42] . Pomerance reported that ruptured chordae tendineae was thought to be preceded by mitral valve prolapse [43] . In this study, ruptured chordae tendineae occurred in patients with thicker or longer prolapsed mitral leaflets. This result confirms that ruptured chordae tendineae tends to occur in patients with severe mitral valve prolapse, and supports Pomerance's theory.
Tissue overlap may play a more significant role in the diastolic appearance of the flail mitral leaflet visualized by two-dimensional transesophageal echocardiography than do actual structural thickening of the leaflet tissue itself [28] . In this study, the prolapsed posterior mitral leaflets with ruptured chordae tendineae were thicker than those without ruptured chordae tendineae and those of the control subjects not only in diastole but also in systole.
Clinical application
The patients with mitral valve prolapse have usually benign clinical course. But, congestive heart failure due to progressive mitral regurgitation does occur [3] [4] [5] [6] [7] [8] . Nishimura et al has reported that patients with thick mitral leaflets have belonged to the subset of high risk group of mitral valve prolapse using transthoracic M-mode echocardiography [22] . Our data show that thicker or longer mitral leaflets are predictors of severe mitral regurgitation. Patients with thicker or longer mitral leaflets belong to the subset of high risk group of mitral valve prolapse.
Limitations
Using transesophageal echocardiography we measured mitral leaflet thickness, mitral leaflet length and mitral annular diameter to assess the relation of mitral valve morphology to severe mitral regurgitation complicated with mitral valve prolapse. In this study most patients with severe mitral regurgitation had received vasodilators or diuretics. This pharmacotherapy would affect the size of the mitral annulus or the severity of the mitral regurgitation, but not the mitral leaflet thickness or length.
Conclusions
The leaflet thickness, leaflet length and annular diameter are "proportionally" redundant in patients with mitral valve prolapse, and the redundancy is closely related to the occurrence of ruptured chordae tendineae or severe mitral regurgitation. Measurement of mitral leaflet thickness or length by transesophageal echocardiography was very useful in identifying the high-risk group of mitral valve prolapse.
